Abstract-In the low-voltage (LV) ac microgrids (MGs), with a relatively high R/X ratio, virtual impedance is usually adopted to improve the performance of droop control applied to distributed generators (DGs). At the same time, LV dc MG using virtual impedance as droop control is emerging without adequate power flow studies. In this paper, power flow analyses for both ac and dc MGs are formulated and implemented. The mathematical models for both types of MGs considering the concept of virtual impedance are used to be in conformity with the practical control of the DGs. As a result, calculation accuracy is improved for both ac and dc MG power flow analyses, comparing with previous methods without considering virtual impedance. Case studies are conducted to verify the proposed power flow analyses in terms of convergence and accuracy. Investigation of the impact to the system of internal control parameters adopted by DGs is also conducted by using proposed method.
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I. INTRODUCTION
A MICROGRID should be able to integrate, control and manage the distributed energy resources, energy storage systems and loads in both grid-connected and islanded modes [1] - [3] . As a basic steady state analysis tool for any electrical network, power flow analysis is essential to get the overall view of the system for the design and operation of microgrids [4] . It can be applied to microgrid network optimization, component capacity optimization in the planning stage of the microgrid. It can also be adopted in network reconfiguration, power control in real time during operation. By applying the power flow analysis in a specific system configuration, power system security analysis, and protection coordination can be implemented. Moreover, it can be used in the initialization of the system dynamic analysis, and small signal analysis, etc. Power flow analysis can be embedded as a component in the energy management system of the microgrid.
Conventionally, power flow analysis is modelled by node voltage method [5] , using different types of buses-PV, PQ and Vθ buses (or P and V buses in DC system) [6] , [7] . However, with the features which are distinct from traditional power systems, conventional methods become no longer suitable for microgrid applications. The limitation of previous power flow formulation for AC microgrids mainly lies in the following items 1) The amount of the power supplied by each DG unit is usually not pre-specified, and thus these DG units cannot simply be modelled as PQ buses; 2) despite more flexible control of power electronic (PE) interfaces for DGs, the limited capacity of a single DG unit makes it impractical to be taken as the slack bus, especially in islanded mode, while in conventional methods at least one slack bus must be assigned to balance the real and reactive power losses; 3) In islanded mode, the frequency of the microgrid is no longer fixed but changes frequently within a range due to uncertainty of primary resources, load and intra-day market factors [8] , and this cannot be shown in traditional methods. In addition, the emerging concept of DC microgrid requires more research on power flow analysis to take its special steady state characteristics into account [9] .
The problem of tailoring conventional power flow programs for microgrid applications has been recently addressed in [10] - [12] . The study performed in [10] emphasizes modelling the AC system in the sequence-component frame to represent all the control purposes, but it still uses the traditional method in each component frame by assuming the existence of a slack bus. In [11] , a two-step power flow analysis approach is proposed so as to represent electronically-coupled DG units, with the feature to calculate the internal variables of each DG unit. However, in most cases, the impact of different internal variables on the system is of more interest but cannot be evaluated by this approach. The method proposed in [12] represents correctly the actual distributed slack buses by modelling the DG units as droop buses. However, the traditional droop control with P-f and Q-V droop is derived from the approximation of power flow equations under the assumption that the output impedance of the converter is inductive. It might not be the case when the transmission line is not inductive, and in this situation traditional droop will not be valid due to the coupling of the active and reactive power [1] , [13] . Although some variations of the droop method, such as resistive droop, are proposed to address the resistive output impedance, they cannot be generalized [13] , [14] . To make P-f and Q-V droop control valid, virtual impedance loops should be added to local controllers of the converters to provide the desired output impedance and to increase the stability of the system in AC microgrids [15] - [17] . In addition, these studies do not consider the case of DC microgrids. In a DC microgrid, the load sharing mechanism is achieved by droop control through feeding back the output current via a virtual resistance to the voltage loop. Power flow analysis methods which do not consider virtual impedance compromise the accuracy of the power flow results.
In this paper, to solve the aforementioned problems, we take the concept of virtual impedance into consideration for both AC and DC microgrids power flow analyses. This way, the accuracy of the power flow analysis in both systems can be improved. Moreover, the impact of the control parameters of the DG units on the power flow of the microgrid can be analysed, and an overall view of the system state in steady state can be obtained for guiding the system design and operation. This method can be a facilitative tool for the development of microgrid systems, and is able to act as essential sub-function in the microgrid energy management system. This paper is organized as follows. The background of the virtual impedance concept and mathematical model of power flow analysis for AC microgrids is presented in Section II. The case studies for AC microgrids are provided in Section III. Similar discussions for both problem formulation and case studies for DC microgrid power flow analysis are presented in Sections IV and V, respectively. Finally, Section VI concludes the paper.
II. PROBLEM FORMULATION FOR AC MICROGRIDS

A. Virtual Impedance in AC Microgrids
Decentralized droop scheme is a widely adopted control strategy for sharing the real and reactive load autonomously without communication to other units or to a central controller. The well-known P/Q droop method P-f and Q-V droop integrated in the local control of DG units in an inductive network can be written as [1] - [3] , [18] , [19] (1) and (2), assumes that the line impedance is inductive enough to model the DG unit as an ideal voltage source whose voltage and frequency are determined by droop characteristics [1] - [3] , [18] , [19] . It is because in this situation the P and Q are almost decoupled. The relationship of the power and the line impedance can be illustrated by using a two bus system with a DG unit in bus 1 and a slack bus in bus 2 as shown in Fig. 1 .
Overlooking the power consumption on the line impedance, there are [18] where P 1 and Q 1 is the active and reactive power flowing from bus 1 to bus 2; Z line_12 the impedance of line 12, θ 1 the bus angle in bus 1; and φ is the angle of the impedance of line 12.
Consider θ 1 is very small and thus can omitted, only when the line impedance is mainly inductive (φ≈90 • ), can the active power and reactive power be well decoupled. In this case, P and Q have a linear relationship with bus angle and bus voltage amplitude, respectively. This can be written as [13] 
This is the condition for the traditional droop to be valid. In practice, according to the typical R/X ratio in Table I , LV network is more resistive [18] . In this case, without using virtual impedance, large, bulky, expensive filter is often placed outside the converter to meet this requirement for traditional droop to be valid. To avoid this, virtual impedance is use to change the output impedance of the converter [15] - [17] .
Moreover, the resistive part in the virtual impedance can also improve system small signal stability by increasing the damping of the system [15] , [16] . With virtual impedance applied in the control loop, characteristics of the DG units are no longer purely determined by droop equations, and the control scheme of each DG unit has an output current feedback loop via a virtual impedance as shown in Fig. 2 .
B. Mathematical Model of Power Flow in AC Microgrid
In the mathematic model of the power flow in an AC microgrid, all the nodes in the network can be generalized into two types. One is PQ bus and the other is the bus where the DG unit with droop control and virtual impedance is connected (here it is called dispatchable DG bus). The PQ buses include not only load but also nodes connected with an nondispatchable DG unit. Generally, the dispatchable DGs are diesel generators, energy storage systems, while renewable resources like wind and solar assigned as non-dispatchable unit since they are operating in the maximum power point generation mode. In particular, in recent year in North America, solar PV inverters can be curtailed remotely, and their output will be reduced automatically when the system frequency goes up. In these cases, the renewable resources are considered as PQ buses, with their P is dependent on the system frequency. Buses connected with loads in the system naturally belong to the PQ buses, and the characteristics of voltage and frequency dependency of these buses can be modelled as [21] 
where P 0i and Q 0i are the rated real and reactive power of the load at the operating points; α i and β i are the exponent coefficients of real and reactive power; f is the deviation between actual system frequency and the nominal frequency; K pf ,i and K qf ,i are constants to represent frequency dependency. When the active and reactive power exponents are equal to zeros, ones, and twos, the loads behave as constant power, constant current and constant impedance, respectively. The value of α i and β i in typical load conditions can be found in [22] . For typical loads, K pf ,i and K qf ,i range from 0 to 3.0 and from 2.0 to 0, respectively [21] . The nodes with non-dispatchable DG units can also be modelled as PQ buses; just their real power value should be set as negative. Note that when the generation of a dispatchable DG unit reaches its rating, its control mode will change from dispatchable mode into constant power mode, and thus will form a PQ bus when operating in this mode [23] , [24] . The bus type will not change on the fly, instead, the rating limitation check is after the whole power flow calculation process, and if there is certain constraint being violated, we have to recalculate with new bus type assignment for the correspondent buses.
For the PQ bus, the mismatch equations can be written as
where P i and Q i are the injected power to bus i, which can be calculated as where θ i , G ij and B ij are, phase angle in bus i, conductance and susceptance of branch ij, respectively. For the dispatchable DG units, to get more accurate calculation results, the mathematical model should accurately represent the output characteristics. As mentioned in the previous section, the model should also take virtual impedance into consideration. The relationship between droop control and virtual impedance in a single phase can be illustrated as Fig. 3 for the power flow modelling.
Therefore, in addition to (1) and (2), one more equation should be added for dispatchable DG buses to represent the impact of virtual impedance on the output voltage characteristics. A virtual node is assumed between droop-controlled source and actual terminal of the DG unit, which is called virtual droop bus in this paper. Thus: (13) where V droop,i is the voltage of the virtual droop bus i, Z vi is the virtual impedance and I i here represents the current injected to the dispatchable DG bus, which can be obtained from
where [Y ij ] denotes the bus admittance matrix of the network. For the dispatchable DG bus, the mismatch equations are as follows:
Combining the model of dispatchable DG buses and that of PQ buses, the mathematical model of the whole system can be obtained as follows: Let N g be defined as the number of dispatchable DG buses, and N pq the number of PQ buses. Since the frequency of the microgrid f is a global variable, there are N g -1 mismatch equations for (24) , N g for (25) and 2N g +2N pq for (20) to (23) . As variables in (26) are complex variables, they can be decomposed into 2×N g mismatch equations. The total number of mismatch functions is
The total unknown variables of the model are the voltage amplitude and phase angle of all actual buses and virtual droop buses, real power and reactive power of the dispatchable buses and system frequency. Note that here voltage angle of one of the buses is defined as reference (reference bus angle). Thus, the number of unknown variables is equal to the number of mismatch equations.
To solve the set of nonlinear equations for the AC microgrid power flow derived before, a globally convergent Newton-trust region method is used in this paper, for its superiority in terms of algorithm robustness and global convergence [8] , [25] . To demonstrate the importance of virtual impedance more directly, single phase model for balanced system is used in this work. To extend the proposed model into three-phase, without considering any unbalance compensation (the proper value of virtual impedance for this purpose is out the scope of this work), equal virtual impedance to each phase and its corresponding virtual droop bus can be added based on the model used in [12] .
III. CASE STUDIES FOR AC MICROGRIDS
A. Algorithm Verification
Firstly, the six-bus system shown in Fig. 4 with the parameters listed in Table II is used to verify the effectiveness of the proposed method [26] . In this network, all these three generator buses are taken as dispatchable buses, all the lines are with resistance to inductance ratio R/X approximately as 7.7 to mimic the typical low voltage lines as in Table I [18] .
To show the improvement of the proposed power flow analysis, power flow results from the proposed method are compared with those from several conventional methods by reference to the steady state of time domain simulation using SimPowerSystem. The conventional methods either set one bus as the slack bus or consider only the droop control without virtual impedances. In those two scenarios using traditional method with slack bus, bus 1 is chosen as the slack bus and the loads in bus 2 and bus 3 are set as 0.7 p.u. and 0.1 p.u. in one scenario, and as 0.1 p.u. and 0.7 p.u. in the other. To make the results closer to the reality for the methods using slack bus, we choose the flat voltage of the bus 1 same as that using the method considering only the traditional droop, which is 0.9652. The voltage profile results are shown in Table III . It can be seen that the relative error of magnitude deviation compared with simulation is decreased from 0.2495% to 0.0728% in bus 3 (best case), and from 0.2391% to 0.0832% in bus 5 (worst case) by considering virtual impedance compared with the method considering only droop. The good agreement between the results indicates the accuracy of the proposed power flow analysis in solving the LV microgrid networks with droop controller and virtual impedance. Comparisons with other conventional methods mentioned above are plotted in Fig. 5 . The limitation of the other methods in solving the power flow for the system is indicated by the large deviation from the timedomain simulation results. It is verified again that, the voltage magnitude results obtained from proposed algorithm have the best accuracy compared with all the other conventional methods.
To further demonstrate the performance of the proposed method, Fig. 6 compares the percentage errors of real and reactive power generated by DGs by considering only droop control and the proposed method. The percentage errors are defined as ratio of deviation between calculation and simulation to the simulation results. As can be seen in Fig. 6 , percentage errors of reactive power are reduced significantly by using the proposed method, from 6.9% to 3.7% in bus 1, 7.7% to 4.98% in bus 2, 15.28% to 8.21% in bus 3, respectively. It shows that the virtual impedance has more significant influence on the reactive power generation than on real power generation. Although in term of voltage amplitude, the improvement of the accuracy is not so evident compared with the method considering only the droop control, which is due to the small value of the virtual impedance, the improvement of the accuracy for reactive power result is desired for more accurate reactive power planning and control. 
B. Control Parameter Analysis
In this section, the proposed power flow is conducted on a 38-bus system. The effects of the control parameters of the dispatchable DG units, i.e., droop gains, virtual impedance and nominal frequency and voltage amplitude, are studied. The single line diagram of the system is show in Fig. 7 . The line impedance data are the same as in [27] , and slight modifications have been made on the generation locations to distribute the DG units more uniformly. The detailed line data can be found in the Appendix. The initial control parameters of the five dispatchable DG units are shown in Table IV .
Firstly, the effects of the proportional frequency droop gain K P on system real power sharing are evaluated. In this case study, parameters of K P in bus 34 and 38 are swapped. Besides proportional frequency droop gain, all the other control parameters remain the same as the initial values as in Table IV . As a result, the real power in bus 34 and 38 are almost swapped as well, as shown in Fig. 8 . It indicates that real power of the DG unit in dispatchable buses is precisely proportional to proportional frequency droop gain K P .
The evaluation of the proportional amplitude droop gain K Q on system reactive power sharing is also carried out. Likewise, the parameters of K Q in bus 34 and 37 are also exchanged. However, as is shown in Fig. 9 , the values of reactive power in these two buses are not precisely proportional to K Q as is Fig. 8 . Effects of K P on generated real power in dispatchable buses. Fig. 9 . Effects of K Q on generated reactive power in dispatchable buses. the case when changing K P , and the values of reactive power in other DG buses are also influenced.
Secondly, with the proposed method, the effects of the indispensable parameter-virtual impedance on system can now be evaluated. The effects of changing the value of virtual reactance on voltage profile, real and reactive power generation are investigated. In this case study, four scenarios are considered where the value of virtual reactance in bus 35 is increased from 0.0257 p.u. to 0.0495 p.u. in the first three scenarios, and that in bus 45 increased to 0.0495 p.u. in the fourth. The range of virtual resistance chosen is relatively small, since larger value will lead the system to instability. The calculation results are shown in Fig. 10 , the following observation can be made: 1) the voltage amplitude can be reduced as virtual reactance increases, which is shown in Fig. 10 (a) ; 2) the reactive power generation will be reduced when virtual impedance increases as in Fig. 10 (b); 3) changing of the virtual reactance has little influence on real power generation, which is shown in Fig. 10 (c) .
Finally, to observe how nominal values affect the power flow of the system, scenarios of changing the values of nominal frequency and nominal voltage amplitude are investigated. Fig. 11 demonstrates the change of the real power generations when changing the nominal frequency in bus 34 form 1 p.u. to 1.004 p.u., and that in bus 36 from 1 p.u. to 1.002 p.u., respectively. The values of steady state system frequency for these four scenarios are 0.9987, 0.9989, 0.9991 and 1.0009 in per unit value, respectively. It shows that 1) the real power generation in the corresponding DG bus will increase as the nominal frequency increases; 2) the increased nominal frequency can raise the system frequency.
The influence of the nominal voltage amplitude toward the reactive power and system voltage profile is similar with that of the frequency towards real power and system frequency. The influence of the nominal voltage amplitude towards voltage profile is shown in Fig. 12 , where the nominal voltage amplitude values of all the dispatchable buses are increased from 1.01 p.u. to 1.05 p.u. The system voltage profile will be raised with higher nominal voltage amplitude.
C. Convergence Characteristics
The convergence characteristic of the proposed method is studied for both the system with 6 buses and the one with 38 buses. Performance comparison is also made with the method using the same solver yet without considering the virtual impedance. The models of these two different of power flow analyses are solved on a 64 bit workstation with 4 processors clocking at 2.6 GHz and with 8GB RAM. The execution performance is compared as shown in the Table V. As the network becomes larger, the iteration number is increased. One of the merit of the proposed method can be seen from the comparison is that, with improved accuracy, the computation overhead of the propsed method is only increased by less than 33.85% compared with the method considering only droop control.
IV. PROBLEM FORMULATION FOR DC MICROGRIDS
A. Virtual Impedance in DC Microgrid
Traditionally, to manage the power flow of the DC microgrid, centralized control strategies, such as master-slave control and average current control method are adopted in dispatchable DG units [1] . To make the DG units share the load automatically, similar to AC microgrids, decentralized method is implemented by having a droop mechanism. Different to AC microgrids, this droop control algorithm is not directly based on generated power but realized by feeding back the output current through a virtual resistance [1] , [28] , [29] . The control diagram of the droop control for each dispatchable DG unit is illustrated as in Fig. 13 . The concepts of the virtual impedance are different in AC and DC microgrid. In the AC microgrids, the virtual impedance is adopted to change the output impedance of the converter to cancel out the effect of coupling of active and reactive power; while for DC microgrids, the virtual impedance is employed directly for power sharing, which is the droop control for the DC microgrid.
B. Mathematical Model of Power Flow in DC Microgrids
In DC microgrid modelling, two types of buses can be defined. All the load and non-dispatchable DG units can be categorized as P buses, and all the dispatchable DG units can be represented by the dispatchable DG buses, which are all assumed to work in droop mode during normal operation.
For the dispatchable DG bus, the concept of droop control using virtual resistance can be simplified as in Fig. 14 . This regulation is express by [30] , [31] 
where V Gi(DC) is the output voltage to DC source which is also the bus voltage in bus i, V G0i(DC) the nominal voltage, I Gi(DC) the output current, and R vi(DC) the virtual resistance in the dispatchable DG unit i. I Gi(DC) can be written as,
where P Gi(DC) is the power generated by unit i. The network of DC microgrids can be taken as pure resistive in the steady state model. According to the Kirchhoff's current law, the network equation for both types of buses can then be written as follows:
where I i(DC) is the DC injection current in bus i, Y ij(DC) is the admittance between the bus i and bus j, and V i(DC) is the voltage magnitude in bus i. In a unipolar DC microgrid, the injection power has the following relationship with injection current
Thus, network equation (31) can also be written as
For similarity, the non-dispatchable DG units can be taken as negative loads. Considering real power balance of the system, the whole mathematical model can be obtained as follows:
The number of total mismatch function is N (DC) as expressed as in (33),
where N g(DC) is the number of dispatchable DG bus, and N P is the number of P buses. The number of unknown variables is equal to the number of mismatch functions in this model. The unknown variables include the voltage of each bus and the power generated from each dispatchable DG unit. Therefore, the system can be solved by trust-region dogleg algorithm as that for AC microgrids.
V. CASE STUDIES FOR DC MICROGRIDS
In this section, case studies are conducted on a six-bus DC microgrid. 
A. Algorithm Verification
Verification is made by comparing the calculation results with results from steady state time domain simulation. In DC microgrid with the same six-bus topology as in Fig. 4 , three DC sources are controlled by droop controller through virtual impedance in bus 1, bus 2 and bus 3, and bus 4 to bus 6 are constant power load buses. System parameters are listed in the Table VI . This topology is chosen since it is easy to implement without loss of generality in the emerging DC distribution system.
The comparison results are shown in Table VII . It shows that the maximum deviation of voltage amplitude to the simulation is less than 0.32%, and the maximum deviation of bus injection power is less than 0.67%. The good agreement between these two sets of results proves the effectiveness of the proposed power flow analysis for the DC microgrid.
To further indicate the improvement of the proposed algorithm, comparison with several conventional methods is also made. In this comparison study, all these four scenarios take bus 1 as the slack bus while bus 2 and 3 are set as the constant P buses. Since in the conventional method, power sharing is fixed in advance, load conditions in bus 2 and bus 3 are assumed as 60% and 10% in one of the scenarios and 10% and 60% in the other scenario. To show the effects of the value of flat voltage when running the traditional power flow, two different sets of flat voltage values in bus 1 are compared as well. The comparison between proposed and conventional power flow analysis are shown in Fig. 15 . It can be seen that, in all these voltage profiles, the results calculated from the proposed algorithm match best the time domain simulation. Therefore, with the consideration of droop control in the proposed algorithm, more accurate power flow results can be obtained compared with those using conventional approaches with single slack bus in the model.
B. Control Parameter Analysis
With this droop control using virtual resistance, although parallel operation of the converters can be achieved, there is inherent load-dependent voltage deviation. With proposed power flow analysis, knowing the accurate power distribution and voltage profile beforehand under certain control parameters of dispatchable DG units becomes possible.
To analyse the effects of the droop gain on the power distribution, case studies of two scenarios with different droop gain values are carried out. The comparison result is shown in Fig. 16 . In Case 1, R v1 is chosen as 0.6 and R v3 as 0.2 ; in Case 2, R v1 is chosen as 0. 2 and R v3 as 0.6 . As can be seen from Fig. 16 , the power can be controlled by the virtual impedance, i.e., it is roughly proportional to the reciprocal of the virtual resistance. The existence of the line impedance causes some deviation from the ideal load sharing. 
VI. CONCLUSION
This paper has presented the formulation and implementation of power flow analyses for AC and DC microgrid in the LV network.
By considering the virtual impedance in both AC and DC microgrid, the proposed methods obtain more accurate calculate result for the power flow analyses. In the DC system, with proposed formulation, it realized the distributed slack buses which avoid the impractical single slack bus in the system formulation. In the AC system, with modelling the virtual impedance in the power flow formulation, calculation accuracy is improved compared with those using traditional methods. The improvement is especially remarkable for the reactive power. This feature can be more attractive, if in the future reactive power will participate in the electricity market. Comparing with the method considering only the droop control, the improvement is not with a high cost-the computation overhead only increased slightly.
By virtue of the proposed method, with more detailed control parameters modelled, more detailed parameter analysis can be conducted by proposed power flow analyses.
This will contribute to the system operation and optimization with higher accuracy. Table VIII shows the network date of the 38-bus system in Section III.
APPENDIX
